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Abstract 
In this work we experimentally investigate the influence of the chemical and field effect passivation of a-Si:H films 
on the junction recombination at maximum power point conditions of silicon heterojunction solar cells. By simulating 
the charge of doped a-Si:H films with external corona charges, chemical and field effect passivation are investigated 
independent of each other. If we apply a negative corona charge to a lifetime test structure inversion conditions are 
obtained which corresponds to a p/n junction. With positive charges we can create accumulation i.e. a high/low 
junction (for an n-type wafer). From injection level dependent lifetime measurements the implied solar cell 
parameters iVoc and iFF are extracted. Especially the implied fill factor is influenced by the recombination 
characteristics at the injection level at maximum power point conditions. It is shown that under inversion conditions 
the implied solar cell parameters are lower compared to accumulation conditions. The main reason for this seems to 
be the asymmetry in defect capture cross sections for electrons and holes. As this defect characteristic at the 
c-Si/a-Si:H interface cannot be altered, a considerable reduction of the defect density is required to further decrease 
junction recombination at MPP conditions and thus increase the FF of SHJ cells.  
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1. Introduction 
To further increase the efficiency of silicon heterojunction (SHJ) solar cells, a detailed understanding 
of the recombination at the amorphous /crystalline heterojunction for all working conditions  and not only 
at open circuit conditions  is necessary. At open circuit conditions ultra-low device recombination allows 
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operation near the Auger limit of high quality crystalline silicon (c -Si) wafers. Consequently high open-
circuit voltages (Voc) exceed ing 740 mV are already reached by different groups  [1]. 
conversion efficiency for silicon heterojunction solar cells  of 24.7%  was recently achieved by Panasonic 
with an  open circuit  voltage of 750 mV [2]. Considering this, the fill factors of these devices are rather 
low. According to Green´s empirical expression [3] an upper limit for the fill factor (FF0) of 89% is found 
(limited by Auger recombination at high injection, thus diode ideality factor n = 2/3). To reach such high 
fill factors it  is therefore necessary to maintain  Auger lifetime also at maximum power point (MPP) 
conditions.  However, at MPP conditions the Auger-limit  of the absorber is obviously higher compared  to 
Voc conditions. Thus, the requirements regarding the interface passivation are even higher at MPP 
conditions, and very low junction recombination is required. Besides a low interface state density (Dit), 
provided mainly by intrinsic a -Si:H, band bending at the c-Si surface, p rovided by doped a-Si:H, can 
reduce surface recombination considerably. According to the extended Shockley-Read-Hall (SRH) 
formalis m, junction recombination is lowered when one charge carrier type (electron or hole) is 
significantly reduced by field effect [4]. The band bending in the c-Si is mainly  influenced by the band 
offsets between a-Si:H and c-Si [5] as well as the doping of the a-Si:H layer [6]. Thus by doping the 
a-Si:H films the density of effective fixed charges in the films can be manipulated and therefore band 
bending can easily be adjusted. 
2. Simulation - Analysis of junction recombination using lifetime test structures  
To illustrate the influence of both, a low interface defect density and a high band bending, quasi-
steady-state photoconductance (QSSPC) measurements [7] are simulated using the open-source numerical 
program AFORS-HET [8]. From in jection-dependent effective minority carrier lifetime-curves eff n) 
the implied solar cell parameters iVoc, iFF, and  are extracted. The simulated structure consists of a 
150 μm thick c-Si n-type absorber. At the rear a 5 nm a-Si:H(n ) layer without interface defects 
between c-Si and a-Si:H(n) is assumed. Consistent with the experimental investigations from section 3 an 
a-Si:H(i) buffer layer is present at the front side. To account for d ifferent Dit values at the interface 
between c-Si absorber and a-Si:H, we follow a similar approach as described in [9]. We assume an 1 nm 
c-Si defect layer with a dangling bond (db) defect distribution centered at mid gap between absorber and 
a-Si:H(i). Band bending at the c-Si surface is manipulated by an interface charge Qif, instead of varying 
the doping of the a-Si:H layer. The charge is applied to the insulator boundary of the structure on top of 
the buffer layer. As a doped layer is omitted, this approach enables variation in band bending without 
changing the Dit or defect density in the doped a-Si:H layer which is typically observed for doped layers 
[10]. However, the a-Si:H(i) layer is not omitted to account for the influence of its defect charge which 
will change with Qif and the Fermi-level, respectively. Consequently, device recombination is limited by 
the front c-Si/a-Si:H junction and the absorber. Parameters for each layer are shown in  Table 1. Dangling 
bond recombination is the dominant recombination mechanism in the a-Si:H bulk and at the interface 
[11]. In AFORS-HET dbs are described as uncorrelated defects, with one donor-like and one acceptor-
like Gaussian defect separated by the correlation energy, which is assumed to be 200 meV. The ratio of 
electron to hole capture cross section n p) is assumed to be unity charged uncharged is set to 10. 
As the capture cross sections at the interface are still a matter of debate, the presented values should not 
be taken as absolute values, but for comparing the different passivation  mechanisms. 
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Table 1. Simulation parameters  
material parameters BSF absorber interface front a-Si:H(i) 
 a-Si:H(n) c-Si(n) c-Si(n) a-Si:H(i) 
band gap [eV] 1.72 1.12 1.12 1.78  
defects db single mid gap db db 
capture cross section p [cm2] 3 x 10-15 10-14 10-16 3 x 10-15 
defect density [cm-3] 6.9 x 1019 5 x 108 varied 5 x 1015 
 
Results of the simulat ions are shown in Fig. 1 for a variation of the two factors determining junction 
recombination. These are chemical passivation (Dit) and field effect passivation (negative Qif). Negative 
charges correspond to an a-Si:H(p) layer so that the results which are shown here correspond to a p/n 
junction. The simulations show the expected behavior. By either decreasing Dit or increasing the absolute 
value of Qif, the implied solar cell parameters are enhanced. From the simulat ions it also can be 
concluded that the requirements on the chemical and field effect passivation are more stringent for MPP 
conditions (iFF) compared to Voc conditions. As for Voc conditions the intrinsic limit  of the absorber is 
already reached at a  Dit of 3 x 1010 cm-2/eV and a moderate interface charge, for the iFF a  much lower Dit 
or a much h igher field effect is necessary. This becomes even clearer when the influence of Dit and Qif on 
the implied efficiency  is taken  into account. Regarding the effective fixed  charge density which can  be 
reached in p-doped a-Si:H films (hatched area, taken from [6]) it becomes clear, that chemical passivation 
plays the major role in interface passivation. 
a) b) 
 
c) 
Fig. 1. Simulated  iVoc (a), iFF (b) and implied efficiency (c) determined from simulated QSSPC measurements (AFORS-HET) for 
an n- -Si absorber. For calculating the efficiency a constant Jsc of 38 mA/cm2 was assumed. 
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3. Experimental approach
For the experimental investigation of the influence of both, chemical and field effect passivation on 
injection-dependent recombination, we follow a similar approach. Different symmetrical and
asymmetrical lifetime test structures were fabricated from planar, (100), 200 n- -zone
(FZ) silicon wafers. The a-Si:H deposition was performed in a parallel-p late PECVD reactor powered at
13.56 MHz, at 200°C, 500 mTorr using mixtures of silane (SiH4), hydrogen(H2), and phosphine(PH3). 
The test structure is schematically shown in Fig. 2. At the front side of the test structure the a-Si:H(i)
layer is featuring a thickness of 5, 8, 14 and 27 nm, respectively. This represents various Dit values at the 
a-Si:H(i)/c-Si interface. At the rear side the a-Si:H(i) layer has a thickness of 27 nm for the symmetrical
test structure, and consists of a stack of 10 nm a-Si:H(i) and 10 nm phosphorus doped a-Si:H(n) for the
asymmetrical samples. Subsequently on both sides a 1 μm thick PECVD SiOx insulating film was
deposited which is necessary for depositing the external corona charges. Thus, for this test structures we 
can manipulate the field effect passivation without the effect of doping induced defect generation (i.e.
Fermi energy dependent defect generation) which is conventionally observed for doped a-Si:H layers 
[10].
External charges Qex were applied using a corona discharge. This approach is well known from 
dielectric passivation layers for example thermally grown SiO2 [12]. The setup is schematically shown in
Fig. 2. A voltage of 10 kV is applied to a tungsten needle. At the tip air part icles are ionized. The charges 
are attracted by the grounded sample. The surface potential is measured using a Kelvin probe. From the
measured surface potential the deposited corona charge is calculated assuming the SiOx insulating film as 
a simple plate capacitor. Since all potentials are measured with respect to the grounded sample, the 
potential drop across the space charge region at the c-Si/a-Si:H interface is neglected. This approximat ion
is suggested to be legitimate as deviations from several volts are measured across the sample surface.
Damaging of the chemical passivation, induced by the external corona charge was not observed. After 
removing the charges by rinsing the samples with water o r alcohol the init ial lifet ime is measured again.
Injection dependent effective minority carrier lifetimes of the test structures were measured using a 
Sinton quasi-steady-state photoconductance system[7].
Fig. 2. Schematic view of the corona charging setup (left) and the band bending which is introduced at the c-Si surface by the
external corona charges (right).
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4. Results and discussion  
The influence of external charges on eff n) is shown in  Fig. 3, left for an 8 nm a-Si:H buffer layer. It 
can be seen that the external charges have a strong effect on the recombination characteristic. Positive 
external charges correspond to an a-Si:H(n) layer (high/low junction, red curve), and therefore lead to 
accumulat ion of electrons (majority carriers of the absorber) at the c-Si surface. It can be seen that iVoc 
and iVMPP increase after deposition of positive external charges, however at MPP conditions the influence 
of the field  effect is more pronounced. For this case the intrinsic limit of the absorber is almost reached at 
both, iVoc and iVMPP. Thus a high iFF of 86% is obtained due to the extremely low junction 
recombination. The application of moderate negative external charges, which corresponds to a lowly 
doped p-type a-Si:H layer, induces depletion conditions at the c-Si surface (b lue curve). For this case 
maximum surface recombination occurs for all working conditions. The strong increase in junction 
recombination is attributed to the fact that electron to hole concentration at the a -Si:H/c-Si interface 
approximately  equals each other (ns ps). Consequently, iVoc and iFF are strongly decreased. This case 
can be taken as a measure fo r the chemical passivation, as now nearly no field effect  passivation is 
present. A further increase of the negative charge density leads to inversion at the c-Si surface and again 
to an increase in effective lifet ime (green curve). The electron concentration at the interface is  now 
significantly reduced and the holes (minority carriers of the absorber) are the dominant species at the 
interface (ns < ps). Th is corresponds to recombination condit ions introduced by the p/n junction in SHJ 
solar cells, where a sufficiently  p-doped a-Si:H layer (emitter) is present. A good correlat ion between the 
recombination characteristics of the sample with strong negative external charges (green curve) and a 
reference sample with a moderately doped a-Si:H(p) emitter (pink stars) is found. This proves that our 
approach to simulate the p/n junction with external corona charges is principally valid.  For the case where 
no external charges are applied (black curve) band banding is defined by the a-Si:H(i) buffer layer and the 
fixed charges within the PECVD SiOx insulating film, which are in the range of 1012 e/cm2 [13]. This 
fixed charge therefore has especially an influence when applying negative external charges where the 
SiOx charge first has to be compensated for by the external charges. 
 In conclusion it can be stated, that as expected from theory the external charge mainly influence the 
recombination characteristics at lower in jections levels. Therefore field effect passivation influences 
iVMPP much stronger than iVoc and thus limiting the fill factor of the device.  
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In the right graph of Fig. 3, the four different a-Si:H(i) layers are shown for inversion conditions (i.e. 
simulating a p/n junction). It follows that keeping both, iVMPP and iVoc near the Auger limit is only 
possible with a  very low Dit, which is here realized  by a 27 nm thick intrinsic a-Si:H buffer layer. For 
thinner i-layers, meaning higher Dit, a larger difference between measured lifetime and the theoretical 
limit  is observed. This is especially pronounced at MPP conditions. In other words, the drop in iVMPP is 
more pronounced than the drop in iVoc, which results in a reduced implied fill factor.   
In Fig. 4 the influence of the external charges Qex on iVoc and iFF for the four d ifferent a-Si:H(i) layers 
is summarized in a plot well known for dielectric passivation layers such as Al2O3, SiO2 and SiNx [13]. 
There it becomes again clear that iVoc and iFF near the Auger limit can only  be reached by a very low Dit. 
For the 5 to 14 nm thick i-layers the negative external charges are insufficient to reduce electron 
concentration adequate at the a-Si:H/c-Si interface by field effect. However, for positive charges and 
accumulat ion conditions, much better iVoc and iFF can  be reached for the same buffer layers compared to 
inversion conditions. This characteristic can be explained by the asymmetry in interface defect capture 
cross sections: Following Shockley-Read-Hall statistics, the recombination is limited by the minority 
carrier density. Under inversion conditions electrons are the minority carriers at the surface, whereas 
holes are the minority carriers under accumulation conditions at the surface (for an n-type absorber). 
Therefore we conclude that electrons are more easily captured, which means n > p. A similar conclusion 
was drawn by comparing n- and p-doped wafers [15] and was for example also observed for the Si/SiO2 
interface [4], [16]. As this defect characteristic cannot be altered, a considerable reduction of defect 
density is required to further decrease junction recombination . This is done by the 27 nm thick a-Si:H 
layer, where junction recombination is independent of the predominant minority carrier density and 
species at the interface. However, increased recombination in the space charge region at the c-Si surface, 
as it is observed for SiNx-passivated p-type silicon or Al2O3-passivated n-type silicon has also to be 
discussed [17]. There the presence of a surface-damaged region (SDR) with reduced lifetime near the 
interface (~100nm) is assumed. As this region lies with in the space charge region it significantly 
influences the overall recombination. However, comparing this to our results, no surface damage region 
would be present for the 27 nm a-Si:H layer. 
  
Fig. 3. Left, measured effective minority carrier lifetime for a sample with an 8 nm a-Si:H(i) layer with different external charges as 
also the lifetime of a solar cell precursor. Right, different a-Si:H(i) layer thickness at inversion condition. Also shown are the one 
sun (full circles) and MPP conditions (open circles) as well as the Auger- and radiative-lifetime (intrinsic limit) of the absorber 
(black line) calculated according to [14].  
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 Considering the negative external charges, the experimental results are in qualitative agreement with 
the simulat ion shown in Fig. 1. The 5 to 14 nm thick a-Si:H layers correspond to Dit values where for a 
certain charge the iFF is almost independent from Dit over a wide range (Fig. 1 b) . The 27 
nm thick intrinsic a-Si:H layer corresponds to an interface trap density significantly below 1010 cm-2/eV 
where both, iVoc and iFF are independent of Qex.  
5. Conclusion 
In this work we used idealized lifetime test structures to manipulated band banding by external corona 
charges instead of doped a-Si:H layers. This method enables manipulation of band bending without losses 
in the electronic passivation quality which is typically observed for doped a-Si:H overlayers. It was 
shown that main ly the asymmetry in interface defect capture cross sections lowers the fill factor at 
inversion conditions. However, by significantly decreasing the interface trap  density we have 
demonstrated that it is possible to reach high implied fill factors and implied open circuit voltages  near 
the theoretical limit  even for inversion conditions . An implied  fill factor o f 87% and iVoc of 743 mV is 
reached with the lowest interface trap density. In contrast, for higher Dit values the implied fill factor is 
limited to 84%.  
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Fig. 4.  Measured iVoc (left) and iFF (right) from QSSPC data as a function of external charge. Lines are guides to the eye. 
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